The dorsal hypothalamic area regulates increases in body temperature in response to stress, but precise mechanisms are unclear. A new study suggests that glutamatergic neurons in this brain area regulate this action and, surprisingly, may also be involved in blushing.
How many times have we experienced the sensation of heat rising to our face, accompanied by the hallmark reddening of our cheeks, when we are embarrassed or ashamed, in response to emotional situations or when we are angry? Darwin called blushing the ''most peculiar and most human of all expressions''. Its purpose remains unclear, but likely reflects the social transmission of a physiological cue that indicates discomfort. The blushing response itself can trigger social awkwardness and anxiety, and in some individuals the thought of blushing can become so odious that it results in a phobia called erythrophobia. Little is known about the brain mechanisms of blushing, but new findings from Machado and coworkers in this issue of Current Biology [1] reveal new insights into the neurocircuitries that likely regulate this response.
Fever, cold temperatures and emotional stress recruit a series of adaptive responses that serve to increase body temperature. In the case of fever and cold temperatures, processes that support thermogenesis are activated in conjunction with vasoconstriction. In this manner, heat can be generated while its dissipation to the environment is minimized. By contrast, social or emotional stressors can trigger thermogenesis in conjunction with vasodilation, meaning that surges in body temperature are coupled to increases in blood flow to the skin, resulting in the reddening of affected areas that characterizes blushing. The circuit-based mechanisms by which thermogenesis is engaged by stressors, and how the vasculature can be constricted in response to fever and low temperatures on the one hand, or dilated by social stressors on the other, is unclear. Neurons in the dorsal hypothalamic area (DHA) are activated by different classes of stressors that trigger thermogenesis [2] , and these neurons send a prominent projection to the raphe pallidus nucleus (RPa) [3] [4] [5] . RPa neurons can stimulate increases in body temperature by activating brown adipose tissues to generate heat while triggering vasoconstriction to minimize heat loss [3, 6] . The RPa also regulates other physiological responses to stress, such as increases in heart rate [7, 8] . This suggests that DHA inputs to the RPa may play a role in thermogenic responses to different types of stressors, perhaps even those that can cause blushing.
Here, Machado and co-workers sought to better understand precisely how the DHA regulates RPa function to influence stress-induced thermogenic responses. First, they investigated whether the DHA provides excitatory or inhibitory inputs to the RPa. This was accomplished by injecting a tracer into the RPb that moves backward from the terminals and along axons of neurons that project to sites of tracer delivery, and eventually into the cell bodies of these neurons. Using this approach, they found that the vast majority of neurons in the DHA that project to RPa are glutamatergic, with only a tiny fraction of GABAergic cells in the DHA sending projections to the RPa. Next, using monosynaptic tracing technology, in which inputs onto genetically defined populations of neurons can be characterized, it was shown that glutamatergic but not GABAergic cells in the RPa receive direct synaptic inputs from DHA glutamatergic neurons. Monosynaptic tracing further revealed that glutamatergic neurons in the DHA receive inputs from other regions of the brain implicated in stress responses, including the preoptic and paraventricular nuclei of the hypothalamus, the parabrachial nucleus, zona incerta and periaqueductal grey.
Next, the effects of a stressor known to stimulate increases in body temperature on the activity of DHA glutamatergic neurons was investigated. Specially, male mice were stressed by temporarily relocating them from their home cage to a cage that had previously been occupied by a different male. This resulted in robust increases in body temperature, which was accompanied by increased activity of RPa-projecting glutamatergic neurons in the DHA, as measured by Fos immunoreactivity. This finding suggests that DHA-mediated increases in RPa activity may contribute to stress-induced thermogenesis. To directly test this hypothesis, Machado and colleagues employed an elegant chemogenetic strategy in which a modified glycine receptor was expressed specifically in glutamatergic neurons in the DHA. This glycine receptor was mutated such that it no longer responds to glycine but instead is potently activated by the antiparasitic drug ivermectin, resulting in robust decreases in the activity of neurons expressing the mutant receptor. An advantage of this mutant glycine receptor relative to other chemogenetic receptors, such as the widely used mutant muscarinic acetylcholine receptors known as DREADDs, is that once it is activated by ivermectin the receptor remains active for very prolonged periods of time (48-72 h) and, consequently, inhibits the activity of neurons expressing the mutant receptor over this extended time period. Hence, animals can be pretreated with ivermectin one day or more before testing, thereby reducing the potential confounding effects on body temperature associated with the stress of injection. It was found that chemogenetic inhibition of DHA glutamatergic neurons attenuated the increases in body temperature induced by the stressful cage change procedure described above. Inhibition of DHA glutamatergic neurons also blocked the increases in body temperature induced by lipopolysaccharide (LPS), a bacterial coat protein that induces fever, sickness and malaise in rodents. Importantly, optogenetic inhibition of the terminals of DHA glutamatergic neurons in the RPa reduced baseline body temperature and also attenuated stress-induced hyperthermia in mice. This confirms that DHA glutamatergic neurons influence body temperature at least in part by modulating RPa activity. Together, these findings demonstrate that the glutamatergic DHA-RPa circuit regulates increases in body temperature in response to various different types of stressors.
The authors next investigated the effects of enhancing the activity of DHA glutamatergic neurons on body temperature. Chemogenetic activation of these neurons, accomplished by expressing the excitatory hM3Dq DREADD receptor in these cells, induced robust and prolonged increases in body temperature, and occluded any further increases in body temperature associated with the stressful cage change procedure. These findings further confirm an important role for DHA glutamatergic neurons in stress-induced hyperthermia.
Finally, the mechanisms by which glutamatergic neurons in the DHA regulate increases in body temperature were investigated. Using thermal imaging, Machado and co-workers found that heat-producing interscapular brown adipose tissue deposits were activated in mice that were subjected to the stressful cage change procedure. Simultaneously, blood flow in the tails of the stressed animals was decreased, as expected. Combined, these responses optimally increase body temperature in response to stress. Similar to the effects of stress, chemogenetic activation of DHA glutamatergic neurons also engaged interscapular brown adipose tissue deposits to increase body temperature. Strikingly, however, blood flow in the tails of these animals was increased rather than decreased. This pattern of heat generation coupled to increased blood flow is characteristic of skin flushing. These findings raise the intriguing possibility that populations of DHA glutamatergic neurons that project to the RPa may play a role in the complex brain responses to social stressors that trigger blushing.
The findings of Machado and coworkers provide new insights into the brain mechanisms of stress-induced hyperthermia. They identify a population of glutamatergic neurons in the DHA, which project to the RPa, that appear to play an important role in regulating increases in body temperature in response to stress. However, in addition to these cells, GABAergic neurons in the DHA were shown to provide sparse input to the RPa. In addition, there are GABAergic neurons in the RPa that do not receive input from DHA glutamatergic cells. Currently, the functions of these populations of GABAergic neurons are unclear and it will be important to investigate their role in regulating the DHA-RPa 'heat' circuit. The fact that RPa-projecting glutamatergic neurons in the DHA coordinate physiological responses to stress in a manner that is likely to result in skin flushing suggests that these cells may play a role in blushing responses. If this is indeed the case, this raises important new questions. For example, stress-induced hyperthermia is often used as a measure of anxiety in laboratory animals, as this response is sensitive to known anxiolytic agents such as the benzodiazepines [9] . Moreover, blushing is generally accompanied by feelings of awkwardness and anxiety. Therefore, it will be important to investigate whether DHA glutamatergic neurons convey information not just about temperature regulation but also about behavioral state. More specifically, are these neurons activated by socially threatening situations and are they involved in regulating feelings of anxiety? If so, then this may provide important opportunities to better understand the complex brain mechanisms of social interactions and even to develop new therapeutics for the treatment of social anxiety, which can have a devastating impact on the health and wellbeing of affected individuals.
